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i progressive renal failure, characterized 
-rosis, interstitial fibrosis and uraemia, can 
-jggest that the fibrosis in treated kidneys results 
-ge sustained before Laxol was administered. Histolog- 
^amination of the brain, heart, lung, liver and spleen of 
^ol-treated polycystic mice did not reveal any gross abnormali- 
zes. Normal control mice (n~6) treated for 200 days with 
^weekly doses of taxol have normal kidney histology. In addition 
-i"o the survival data and renal histology, the retardation of dis- 
ease progression in taxol-treated cpk mice was confirmed by 
': measurements of the kidney weight, body weight and serum 
^creatinine levels (Table 1 ). 

£ Because taxol interferes specifically with microtubule 
^functions 12 , it has antimitotic properties. Inhibitors of DNA syn- 
thesis were therefore evaluated for their ability to inhibit cpk 
Fcyst formation in vivo. Weekly interperitoneal injection of 15 pi 
Pof 1.1 mg ml" 1 methotrexate produced a reduction in growth 
ff comparable to that in mice treated with \5ii\ of lOmgrnl" 1 
^ taxol. This sublethal weekly methotrexate treatment had no 
: erfect on the survival of polycystic cpk mice (Fig. 2). Sublethal 
doses of cytosine arabinoside (ara-C) were also ineffective (data 
i not shewn). Moreover, as doses of methotrexate and ara-C 

i" sufficient to inhibit DNA svnthesis did not block lumen forma- 
♦ - 

: ;ion in vitro, the increased proliferative potential of PKD 
J- epithelia 1 "*" 16 probably does not play an important part in cyst 
. formation but may- generate cells to line expanding cysts. 
; ■ Apart from their roie in mitosis, microtubules comr ibuie to 
\ "and maintain cellular architecture. They also participate in mem- 
; brane vesicle trafficking' , exocyiosis and cr.docyiosis 1 . a;:d the 
: movement of intermediate vesicles between the endoplasmic 
; reticulum and Golgi 19 '" 0 . During the formation of trophecto- 
- derm, microtubules play important pans in the biogenesis of 
i : epithelial polarity 21 *". After polarity is established, specific 
thways deliver secreted and membrane proteins to their target 
.embrarie domains and, although these sorting.processes are 
not well- characterized, microtubules are clearly involved 1 '"*. 
Our data implicate the microtubule network in the genesis of 
PKD cysts both in vitro and in vivo. It remains to be determined 
whether altered tubulins or altered microtubule-associated pro- 
teins are primary lesions in cpk mice or other forms of PKD. It 
is feasible that aberrations of cellular functions mediated by 
microtubules may lead to the apical mislocation of Na + , K + - 
ATPase and epidermal growth factor receptors in both human 25 
and murine PKD 26 . Finally, the ability of taxol to prevent the 
uraemic death in a mouse model for PKD.suggests that taxol or 
its analogues may be useful in the treatment of human polycystic 
kidney diseases. □ 
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C\tocenetic abnormalities of chromosome 9p21 are. character- 
isiic of malignant melanomas 1 ' 2 , gliomas 3 . ;un£ cancers" 1 and 
leukaemias". From a panel of 46 humaa malignant cell lines, we 
localized by positional cloning the most frequently deleted region 
on 9p21. Sequence analysis of the isolated fragment reveals two 
open reading frames identical to the recently described complemen- 
tary DNA for the inhibitor of cyclin-dependent kinase 4 (CDK4) 6 . 
Polymerase chain reaction and Southern blot analysis confirmed 
the frequent deletion or rearrangement of the CDK4-inhibitor gene 
- in melanomas, gliomas, lung cancers and leukaemias, and the 
absence of detectable gene transcripts. One carcinoma had a dele- 
tion entirely within the CDK4-inhibitor gene. The CDK4-inhibitor 
gene from a patient with dysplastic nevus syndrome had a germ- 
line nonsense mutation. The CDK4 inhibitor is thought to be a 
physiological suppressor of proliferation. Cells unable to produce 
the inhibitor may be prone to neoplastic transformation. 

Many malignant cell lines with chromosome 9p21 deletions ' 
either lack the enzyme methyhnioadenosine phosphorylase 
(MTAP), or have hemizvsous or homozv sous deletions of the 
interferon-cr (IFN-a) gene cluster 5 "" 8 . The T9SG glioma cell line 
has a small 9p deletion centromeric to the fFN-a locus, but 
has normal methyhnioadenosine phosphorylase activity 5 . These 
results suggested that the putative tumour-suppressor gene on 
chromosome 9p resided between the MTAP and IFS-a loci. 

MTAP cDNA was isolated and used to probe a human 
placenta /.-phage library. A 2-kilobase (kb) ////jdlll fragment 
(clone 7-2) contained the 3' end of the MTAP gene by sequence 
analysis. Chromosome walking was performed, starting with the 
3' end of MTAP. Several screening cycles of PI phage 9 , and 
subsequent /.-phage libraries led to the isolation of clones encom- 
passing the deleted region in T98G. Restriction fragments of 
these phage were subcloned. partially sequenced, and mapped 
by Southern blotting and pulsed-field gej electrophoresis. Figure 
1. shows the map of human chromosome 9p21 between the 
MTAP and interferon-/? {IFX-p) gene loci, focusing on the 
deleted segment in T98G. 

* The polymerase chain reaction (PCR) was used to determine 
the frequency" of deletion of several-tagged sites (STS) from 
chromosome 9p in 46 different human malignant cell lines (Table 
1). Depending on the cell type, either STS 54 For STS 5BS was 
deleted most frequently. These results focused our attention on 
the 50-W> region between STS 54 F and STS 5BS. ' ' - 
Eight malignant cell lines with breakpoints between 54F and 
5BS were then analysed by STS- PCR, with new probes from 
the intervening region.. The deletion maps are shown at the 
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TABLE 1 Homozygous loss of chromosome 9p loci in human cancer cells 



Frequency of negative STS-PCR (%) 



CeH line (number) 

rMelanoma .C.'." " . (13) 

• r Glioma ^-.r: (8) 

: Lung cancer (11) 

: Leukaemia (14) 



MTAP 


3.21 


2F 


54F-.-.. 


com . 


- 58S ... 


... 7 IF 


3.33 


• IFN-uB 


IFN-p 


30.8 


; 38.5 - 


53.8 ; 


53.8;.;: 


■ ■ 61.5 v 


.'• 61.5v. 


61.5 


15.4 


7.7 


0 


62.5 . 


75.0 


87.5 . 


. _ 87.5 . 


S7.5 


75.0 ... 


... 75.0 


62.5 


62.5 


25.0 


27.3 


27.3 


27.3 


27.3 


36.4 


36.4 


36.4 


9.1 


9.1 


0 


50.0 


50.0 


64.3 


64.3 


" 64.3 


57.1 


57.1 


28.6 


28.6 


21.4 



, Homozygous deletion of these loci was detected by STS-PCR. PCR, except for CDK4/ and CDK4I3', was carried out in a total volume of 20 pi 

'containing 0.1 p.g of genomic DNA, 1 * PCR buffer (10 mM Tris-HCt. pH 8.3, 50 mM KCI. 1.5 mM MgCI 2 , 0.01% gelatin), 200 pM of each dNTP 
20 ng each of sense.and antisense primers, and 0.5 units of Tag DNA polymerase. Thirty cycles were performed, each cycle consisting of denaturatiori 
(94 °C, 1'min), annealing (50 C C or 55 °C, 1 min). and extension (72 e C, 1 min). 10- ut aliquots were resolved on 2% agarose gels. The locations of 
the STS-PCR sites are shown in Fig. la. CDK4I-PCR was performed as described for Fig. 2. 
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Sottom of Fig. 1. A 19-kb A-phage clone (10B1) identified the 
most frequently deleted site. We concluded that the 10B1 phage 
should contain part of the putative tumour-suppressor gene. 

The sequence of a .plasmid subclone (1 OB 1-10) from 10B1 
contained' a 306- base-pair (bp) - open reading frame with 
sequence identity to "the 3' region of the recently described cDNA 
for the human cyclin-dependent kinase-4 (CDK4) inhibitor, 
apart from the last- 15 bp* (Fig. 2a). The 3' end of the coding 
region, and the 3' non-coding region, was located 2.6 kb towards 
MTAP. The 5' end of the gene was telomeric to the deleted 
region in T98G (Fig. 1). We rescreened the 46 malignant cell 
lines with STS-PCR primers, corresponding to the isolated frag- 



ment of the CDK4-inhibitor gene, designated CDK41 in Table 
I. Sixty-one per cent of melanomas. 87% of gliomas, 36% of 
non-small-cell lung cancers, and 64% of leukaemias have homo- 
zygous deletions of the CDK4I gene fragment. Melanoma cell 
line WM 266-4 has only the 5' end of the CDK4-inhibitor gene 
deleted. It was positive for STS CDK4L negative for STS 5BS, 
and produced an abnormal 7.0-kb band after EcoRl digestion, 
electrophoresis and hybridization to a probe from the 5' region 
of the CDK4-inhibitor gene (Fig. 2c). On the other hand, melan- 
oma cell line SK-MEL-31 has only the 3' end of the CDK4- 
inhibitor gene deleted. It was negative for STS CD4KI (Fig. 
26); but produced a normal 4.0-kb band, indistinguishable from 
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CDK-tf-PCR ^ -. t 



MTAr- I I--.CR CDK^I3'-?CR , - 

rcR 3.21- laBS-PCR 
PCR I^F-PCR I-1F-PCR 

Pl-267 PJ-595 



SK-MEL-31 
WM 266-4 
T98G - 

BV 173 
CEM 
M0LT-4 

A-427 
SK-MES-1' 
Detroit 562 . 




FIG. 1 Physical map of chromosome 9p21 between the MTAP and tFN-p 
gene loci. a. The PI phage clones and A-phage clones are indicated by 
H 1 . 1 L n e . s - X 1 ? ® sequence-tagged sites (STSs) used for PCR are shown 
as cross-hatched bars. The CDK4I and CDK4I3' sequences come from 
phage 10B1 and are separated by a 2.6-kb intron. These 11 STS-PCR 
assays localized the approximate breakpoints in the nine malignant cell 
lines with the most informative deletions, SK-MEL-31 and WM 266- 
4 are melanomas; T98G is a glioma; BV173, CEM, and MOLT-4 are 
leukaemias; A-427 and SK-MES-1 are non-small-cell lung cancers: 
Detroit 562-is a pharyngeal carcinoma. Homozygous deletions are indi- 
cated by thin horizontal lines. Asterisk indicates that the location of 
CDK4I5' in the 190-kb Sffl fragment is not precise. F, Sffl. b. STS- 
PCR analysis. All STS-PCR amplified fragments of the expected size in 
J640-51 cells containing a single human chromosome 9 on a Chinese 
hamster background (data not shown). Lanes: 1, human placenta: 2. 
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IFNA8 
269 bp 



IFNB 
592 bp 



SK-MEL-31: 3. WM 266-4; 4, T98G; 5. BV173; 6. CEM; 7, MOLT-4; 
A-427: 9, SK-MES-1: 10. no template DNA; 11, DNA markers. 
METHODS, a. The /.MTAP1 clone was obtained by screening a huma 
placenta ).?\X II genomic library (Stratagene) with MTAP cDNA. A 2- 
H/ndlll fragment containing the 3' end of the MTAP gene was used f' 
chromosome walking in human Pl phage (Genome Systems), A-phag ^ 
(Stratagene). and chromosome-9-specific charon-40 phage (LL09NL0 
ATCC) libraries. Clones encompassing the 190-kb region were isolate 
subcloned, partially sequenced, and mapped by southern and pulre 
field-gel blotting, b, STS-PCR was developed on the basis of the pe-' 
sequences of the subclones. PCR amplification was done under co 
ditions described in Table i. PCR products were resolved on a 2 
agarose gel. 
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jT cAMTCTACC CCTAA7TACA CACCTOCCCC rrCTCTGKS G I Cl G CiJU. CCCTCACSCC 120 



*^ A ^t^>^**- : . aTOrC fe^=^aCro«T^ CCA7TCTST7 1( 





























crrriTn^T^T. 


t 

rr.-r.* tnrrr. 














4 


CUGGACTCA?/|^TC?KACAA 


rrrcfcccci 





3U, 



«20 



CtK4I3- 

TTTTCrrrCT GCCCTCT5CA f:rr-^ p-^SAA COWUCX35C TCTGA&WUC 
CrrCSSXAAC TTACATCATC AJTCACCCXA GGTCCTACAG CGCCACAACT GCC— GCCA 
^AACCCACCC C 9 :tuc r .. n-rt«:TT ASAAAATASA GC7TT7AAAA 

"ttwwta jATA.tAnrr rrtrcrcA- Arr;rAAAr= ":atttata ";-t"7ta 

TATATTCTTA TAAAAAT3tA AAAAACAAAA ACACC5CTTC TGCCTTTTCA C75r3TTG3A 

j:rr:cr55A ctgag:a::; a:gccctaa3 csiacattca tstggscatt tcttccgwc 
rr:3:A3c-r cc33aa=~3 rrsAcrtCAr 5acaa5ca?7 ??gtgaacta gsgaasttca 

C-325GGTTAC TG3C??Ci:r TOAGI^ACAC TSCTA5CAAA TMc. 9 n cc ... ?::ci!< , 
-.•tAAATAAA ATAATTTTCA 7TCATTCAC7 CATTTATTGT 
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rIG. 2 Absence or rearrangement of the CD K4 -inhibitor gene in malig.' 
nam cell lines, a. Partial sequence of the genomic CDK4-inhibitor gene 
The genomic sequence designated CDK41 has a 306-bp open reading 
frame with complete sequence identity to CDK4-inhibitor cDNA from 
nucleotides 192 to 497 (underlined). The CDK4I3* sequence has a short 
. open reading frame (underlined) corresponding to the last 15 bp of the 
; coding region, with a stop codon and the 3' non-coding sequence 
except for two nucleotides (T at 197 and A at 493). b, PCR analysis of 
malignant eel! lines. Primers for CDK4I, shown as lower-case letters in 

m?. 8 W an * xpected 167 ' b P P rodu « ^ human placenta 
,ane 1) SK-MEL-31 (lane 2), WM 266-4 (lane 3), T98G (lane 4) BV173 
Oane o), CEM (lane 6). MOLT-4 (lane 7). A-427 (lane 8), and SK-MES-1 
(lane 9). Lane 10 has no template DNA. Lane 11 shows DNA markers 
c. Southern blot analysis of melanoma cell lines hybridized to probes 
5 ' ' n Sffl ^ ested Pulsed-field blots, 2a2 hybridized to 
a 54-kb fragment CDK4I5' hybridized to a 190-kb fragment which was 



6:6 kbv- 





2a2 



12 3 4 5 6 7 8 9 10 





4kb - 



:— 7kb 



CDK4I5* : 

also Detected wi:n me 3.3S probe in the same Diet (data not shown* 
Lanes: 1, human placenta; 2. Hs234T; 3. HT144: 4. RPMI7951- 5 SK- 
MEL-1; 6, SK-MEL-2; 7, S.K-MEL-3: 8. SK-MEL-23; 9, SK-MEL-31"' 10 
. WM 266-4. 

METHODS, a, Phage DNA of clone 10B1 was digested with fcoRI and 
subcloned into EcoRI-cut pBluescriptll SK(+) (S;;a;agene). Subclones 
were subjected to automated DNA sequencing. The 4.2-kb subclone 
10B1-10 contained both the VDK4J and the CDK1I3' sequences &■ 
PCR amplrfication was carried but as described in Table 1 legend except 
that 35 cycles were performed and annealing was at 64 : C and exten- 
sion at 72° C. PCR was followed by gel electrophoresis, c. DNAs from 
human placenta and melanoma cell lines were digested with EcoRl 
resolved on a 0.8% agarose gel, and transferred to nylon membranes! 
2a2 is a 1.3-kb EcoRI-Xhol fragment of phage done 2a. CDK4I5' is a 
139-bp product' generated by RT-PCR. cD.NA from cell line H561 was 
amplified by PCR using a sense primer (5*-AAT7CGGCACGAGGCAGCAT- 
3') and an antisense primer (5'-TTATTTGAGCTTTGGTTCTG-3 r ). PCR pro- 
ducts were subcloned and sequenced. Clone p7-4 contained the 5' 
sequence of CDK4-inhibitor cDNA. A 139-bp product was amplified from 
clone p7-4 with a sense primer and a new antisense primer (5*- 
TCGGCCTCCGACCGTAACTA-3') and used for Southern blotting. Blots 
were hybridized at 65 C C overnight, washed at 65 : C in 0.1 * SSC 
containing 0.1% SDS, and exposed to X-ray film. After stripping off 
radioactivity, the same membrane was rehybridized with probe 2a2. 



; .HG. 3 Reverse transcriptase-PCR amplification of CDK4-inhibJtor mRNA 
-frojn human malignant cells lines. The glyceraldehyde 3-phosphate 

■ dehydrogenase gene (G3PDH) mRNA served as a control. WI-L2 in lane 

• c4f ,L n °la«r^T h0b if St0id f 6 " line - U937 in l3ne 2 is 3 'eukaemia 
«=np 2 h cJ n , r n /?' S 3 g,i0ma ce " ,ine - H661 in lan e 4, A-549 in 
; w . 3 in lane 6 are non-small-cell lung cancer cell 

^ne S . Lane M shows DNA markers. STS-PCR analysis confirmed tte 

■ rSBG and SK-MES-l have the 9p21 deletions shown in Fig. la. The 

■■CDK4 0 i n n h m n, Cen ''St^ 9 Sp8n$ STS MT ^ X ° ?1F ^ « Shown, 
th« t !. :° f mRNA was not detected in cell lines with 9p21 deletions 
that included the CDK4-inhibitor gene. 

Sd DS ;K m oM A W ? pur : fied r^ a FastTrack kif(lnvitrogen) and was 
seated w.th RNase-free DNase I (Pharmacia) using hurnan placenta 

it«nHtnM* 0ntr0 L 10 6nSUre com P' ete digestion by DNase I. After first- 
*and cDNA synthes.s with a Stratascript RT-PCR kit (Stratagene). cDNA 
^samphfied with the CDK4I3' primers shown in lower-case in Fig 2a 
Trrr J^ Hng and 70 X extensi on)- Primers for the G3PDH gene (5'- 

S o C ? TGGAAGGACTCATGAC ' 3 ' and S'-ATGCCAGTGAGCnCCCGT- 
w\faC-3) amplified a 190-bp product (55 : G anneatfng and 72 S C 
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CDK4I3* 
* G3PDH 



extension). RT : PCRs for CDK4I3* and G3PDH were done separately and 
resolved on a 2% agarose gel by loading onto the same lanes. As no 
product was amplified in DNase Mreated human placenta DNA with the 
CDK4I3' primers, the 355-bp RT-PCR product seen in lanes 1, 2 and 
4 was derived from cDNA. Sequence analysis of the RT-PCR products 
confirmed the CDK4I cDNA sequence. 

- - 755 



f^ 1 DN .A. »fter £r*RI digestion, and hybridization to the 
i??** fr0m the c DK4-inh.bitor gene. The most infer! 

~ 29 - k . b . del «'on wthin the CDK4-inhibitor sene (Fie 1) 
It was posmve for STS CDK413', negative for STS CDKHhti 
posmve for STS SBS and STS 7 IF. The last two STSia/e «n 
...tromenc to the 5' end of the CDK4-inhibitor eene 

Keverse transcriptase-polymerase chain reaction (RT-PCm 
assays revealed CDK4-inhibitor gene transcripts n nonWal celh 
but not ,n cancers with established ddetidL of ^TcdH 
mh.b.tor gene (F,g. 3). Collectively, these results indicate ,hJ 
human cells contain a single CDK4-inhibitor eene whU 1 
homozygous!)- deleted or rearranged in the majority of mdan 
SfcSK; SS- 0 ^ "»« one-t^^not 

The complexes formed by CDK4 and the D-tvpecyclins control 
passage through the Gl phase of the cell cvcle'^e S o 

fndfvv Pr K° ICin ° relative mo,ecuIar ><* which bind to 
aT* >: "' CaCti f y oflheCD KVcyclin Denies 
inhibhor of Sr rCgUla K° r ° f Ce "- C>C,e Passion, the 
1,' °' °.,o J may be - lnac,iv ated durine cancer 

-e. ; loprne. ? . The product.of the p53 gene also inhibfts erovoh 
by st.mulat.ng the production of a CDK-inhibitory pro*™ ■ 



C* T'." • ' P' pouci oi me p.->3 gene also inhibits 
by st.mulat.ng the production of a CDK-inhibitory prote 
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•-JG. 1 Toxicity cf hu.r^n a~W!n *- 
.cells, a. Control rat islet cells treat** v^'-"- ' 
with calcein-AM and oropidium iooice" V^^T' ' 
s..ov.-s viable cells whic^. convert the c3!-^-a» 
fluorescent product t>. Rat islet cells after ue«i^S^ 
amy n for 24 h. There are many dead c^^S^ 
due to nuclear uptake of premium .odide and feT 
show green calcein fluorescence. Insulin immunoc^ 
trol (c) and human amylin-treated rat islet id) ce£T 
human amylin-treated human islet cells; g 
amy in-treated, non-dissociated human islets Na^S - 
insuhn-posmve islet cells after exposure ;o hu ^ J 
Scale bars: a, 40 urn; c. e and g, 20 urn 
METHODS. Islet cell cultures were maintained for 3^ 
viability) and then treated with vehicle or 20 uM huW 
Pancreatic islets were isolated by perfusion of the of] 
• ^,ril ^ % S ^^a W iey rats weighing : 
collagenase 27 . Human islets were isolated from tf* 
year-cld woman as described 28 . Isolated islets wert 
incubation in trypsir>-EDTA for 10 min at 37 *C and 1 
wrth a Pasteur pipette. Dissociated islet cells or norn 
were cultured in 16-mm tissue-culture wells on glass am 

n V ^PMf?ll (C ° ,,a " b0rSlive Bf °™dical ProduStaXCj 
?An7 t ,-i W0 medium supplemented with IT* feta! tr 
. 100 U ml penicillin and 100 M g ml" 3 strepto^-ria 
tides were dissolved in water to 346 uM and immedi«*i 
cuKure medium at the indicated concentration. An « " 
stenle water was added to control cultures. Cell viaNBfr % 
by the calcein-^M/propidium iodide double-staining rm« 
Probes) . Culture medium was removed after treatment *i 
incubated with luM calceirv-AM and lOpgml" 1 proper 
phosphate-buffered saline (PBS) for 10 min at 37 ; C v%e^« 
calcein-AM to calcein. producing uniform green fiuroesc*sX! 
take up propidium iodide into the nucleus, resuftir* * • 
fluorescence. Green and red fluorescence were'sirrwap 
ualized using a Nikon transmission microscope equipped"* 
pass filter. For immunocytochemistry, cultures were fUad*< 
maldehyde. 0.12 M sucrose in PBS, pre-incubated w«» 
and stained with a polyclonal primary antibody against'^ 
DAKO PAP kit Fixed sections of pancreatic tissue were 
tive control. The viability of insulin-positive cells »3S 
propidium iodide staining and scored as described in Tjtf 
HPLC-punfied human, rat and cat amyiin {full-length 3? 
peptides) were obtained from Bachem California and PenW 
tones. Human amyiin from both sources gave the san* 
tides were analysed by laser desorptipn mass soectroscca' 
values: human 3.903 i 2 (mean±s.e.m. n«8: predict*; 
cat 3.910 ± 1 (n = 3; predicted M, 3.909); rat 3.919 i 2 (n * * 
H 3.921)). 
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